An analysis of literature data on the corrosion of carbon steels in anoxic brines and acid chloride solutions was performed, and the results were used to assess the expected life of high-level nuclear waste package containers in a salt repository environment. The corrosion rate of carbon steels in moderately acidic aqueous chloride environments obeys an Arrhenius dependence on temperature and a iPn^' 1^2 dependence on hydrogen partial pressure. The cathodic reduction of water to produce hydrogen is the rate-controlling step in the corrosion process. An expression for the corrosion rate incorporating these two dependencies was used to estimate the corrosion life of several proposed waste package configurations. All but the lowest temperature package would undergo excessive corrosion during the anticipated 1000-year emplacement time, and the calculated pressure of corrosion product hydrogen would exceed the lithostatic pressure of the repository before the end of the emplacement period. Thermally driven brine migration to the container could limit the corrosion rate; however, measured rates of nonthermal brine migration to test boreholes would be sufficient to support excessive corrosion of the container, if they were to persist over long time periods.
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Thus, the corrosion resistance of a carbon steel container is probably not sufficient to attain virtually complete containment of the waste over a 1000-year emplacement period in a salt repository.
Bedded salt formations have been proposed as possible geological sites for the long-term disposal of high-level nuclear waste. Proposed U. S. Nuclear Regulatory Commission regulations require that the nuclear waste package provide essentially complete waste isolation for a minimum of up to 300 to 1000 years after emplacement (1) . The longterm corrosion resistance of the waste package outer container in the salt repository environment is a major factor in meeting these requirements, since the container is the primary structural and corrosion barrier. Brine entrapped in the salt can migrate to the container by several transport processes; consequently, corrosion of the container can occur at temperatures from about 323 to 473 K, depending upon the waste package configuration.
Carbon steel, namely, cast A216 Grade WCA, was selected as a leading candidate for the waste package outer container in the salt repository. This alloy was chosen on the basis of its availability, cost, mechanical strength, and fabrication characteristics. In addition, preliminary analyses indicated that the steel would corrode at an acceptably low uniform rate in the salt repository environment and that its resistance to localized corrosion, including pitting and stress corrosion cracking, was satisfactory (2) .
The present work examines in more detail the suitability of carbon steel for use as a waste package container material in a salt repository.
The analysis makes use of corrosion data for carbon steels in simulated salt repository environments, including more aggressive high-Mg 2+ brines, most of which were obtained after the initial alloy selection.
Included are data in more aggressive high-Mg 2+ brines. Extensive literature data on the corrosion of carbon steels in geothermal brines and -2-other anoxic acid chloride solutions were also utilized in this analysis.
Thus, the results are relevant to a variety of applications involving the exposure of carbon steels to anoxic acid chloride solutions at elevated temperatures.
Chemistry of Salt Repository Brines
The brines likely to contact a nuclear waste package in a salt repository may be classified as either intrusion or inclusion brines. The intrusion brines are created through the dissolution of some of the host rock salt by external water introduced into the repository. In the case of the bedded salt deposits of the Deaf Smith County, Texas waste repository site, the intrusion brines consist primarily of NaCl, with small amounts of Mg and Ca. Table I gives a typical brine composition (PBB1) obtained by the dissolution of salt cores from the Permian Basin salt horizon in Texas.
The inclusion brines are naturally present in small quantities as fluid pockets in the bedded salt. Since these inclusions tend to migrate toward the container/salt interface under the influence of a thermal gradient, they must be considered in an evaluation of the corrosion performance of the waste package material. PBB3 in Table I represents a typical composition of a fluid inclusion from analyses of samples of a Permian Basin salt horizon core. The significantly higher Mg and Ca contents are characteristic of an inclusion brine, and this feature has also been observed in samples from the Paradox Basin bedded salt deposit in Utah (4).
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Corrosion data obtained on A216 Grade WCA carbon steel in simulated repository brines indicate substantially higher corrosion rates in high-Mg 2+ inclusion brines than in low-Mg 2+ intrusion brines, particularly at temperatures above room temperature (3, (5) (6) (7) (8) (9) . It was suspected that these differences are due to the hydrolysis of Mg 2+ , which thereby causes the brines to become acidic. This, in turn, influences the protective nature and stability of the magnetite corrosion product layer (10, 11) .
Calculations of brine pH. based upon the following idealized hydrolysis reactions, were performed:
Thermodynamic constants for the dissociation of water and for the above two hydrolysis reactions were taken from the literature (12) , and the resulting calculated pH values versus temperature for PBB1, PBB3, and seawater (1270 ppm Mg + ) are shown in Fig. 1 . The decrease in pH with increasing temperature and Mg 2+ concentration is clearly indicated.
These calculations ignore the effect of other constituents in the brine on pH, and the values indicated in Fig. 1 More that half (151 data points) of the literature data was obtained from corrosion studies conducted in simulated salt repository brines (3, (5) (6) (7) (8) (9) (14) (15) (16) . The remaining data are from studies in geothermal brines (17) (18) (19) (20) (21) (22) (23) (24) (25) , acidified simulated nuclear reactor coolants (11, 26, 27) , acidified seawater (28), boiling salt solutions (29), acidified NaCl solutions (30), and refrigerant brines (31). Results from short-term tests (most of the data are for test times >600 h), neutral or basic solutions, aerated solutions, and strongly agitated or rapidly flowing solutions were specifically excluded from the data base.
The anoxic acid chloride corrosion rate data are summarized in Table II 
Possible Partial Corrosion Processes
The corrosion of iron in anoxic, moderately acidic chloride solutions where [e-] is the concentration of aqueous electrons from the anodic dissolution reaction. Equation [10] implies that the corrosion rate could be influenced by the solubility of the corrosion product as well as by mass transport of ferrous ions away from the surface; i.e., anodic dissolution increases as the concentration of dissolved iron increases or as the concentration of electrons at the metal-electrolyte interface decreases.
To sustain the dissolution reaction, a cathodic reduction partial process must also occur in which the aqueous electrons produced in Eq. [6] with the hydrogen adatoms subsequently combining to form hydrogen gas. In basic solutions, Posey et al. found that the corrosion rates were lower, apparently because of the formation of a protective magnetite surface film. In strongly acidic solutions, higher corrosion rates than are indicated in Fig. 3 were observed, and the rate-controlling process was attributed to the cathodic reduction of the abundant hydrogen ions with an activation energy -17.6 kJ/mol.
On the basis of the excellent agreement between the two best-fit curves of Fig. 3 , the rate-controlling partial process for the corrosion of iron in anoxic, moderately acid salt repository brines and similar
solutions (data shown in Fig. 2 ). is apparently also the reduction of water,
i.e., Eq. [Ill, The limiting cathodic current density i c for this ratelimiting step couples with the anodic dissolution current density i a .
Similarly to Eq. [10] , the corrosion or penetration rate under conditions of cathodic reduction control for Eq. [11] can be written as
where K w is the equilibrium constant for the dissociation of water.
If one compares the dependence of the corrosion rate on the electron concentration at the electrolyte-metal interface under anodic dissolution control, Eq. [10] , and under cathodic reduction control, Eq.
[13], the rate varies as l/[e-] 2 in the former case and as l/[e-] in the latter case; however, the amount of hydrogen produced in the overall reactions, Eq. [4] and [5] , will be the same irrespective of the rate-controlling partial process. Although two electron transfer events, depicted by Eq.
[11], must occur for each iron atom that dissolves, Eq. [6] , the ratecontrolling cathodic reduction partial process occurs in a manner that is independent of overall stoichiometry. In other words, electrons are being consumed at the interface as a rate dictated by the kinetics of the reduction process in Eq. [11] ; secondarily, in the case of iron dissolution (an inherently more rapid process), one atom dissolves as two electrons undergo reaction with two water molecules.
The dependence of the corrosion rates on the partial pressure or fugacity of hydrogen gas under cathodic reduction control can be obtained by combining Eq. [13] with the equilibrium relation for the combination of hydrogen adatoms to form diatomic hydrogen gas, i.e.,
[H+]
where [fj^l is ^e fugacity of hydrogen. Equation [14] indicates that the corrosion rate of iron under approximately constant pH will vary with
where the partial pressure of hydrogen is related to the hydrogen fugacity by f = y • p, and y is 1.02 to 1.14 at 298 K and pressures between 21 and 210 atm (2.1 and 21 MPa) (33).
If the reduction of water indeed is the rate-controlling partial process, Eq. [14] suggests that the corrosion rate, under nominally constant pH, would depend on the hydrogen partial pressure generated by the corrosion reaction as well as on a hydrogen overpressure applied to a solution in a capsule or static autoclave. Westerman (8) is given by P = 5.40-f-05, [15] where P is the corrosion rate in mm/yr and f is the hydrogen fugacity in atmospheres at 423 K (150 Q C).
Modeling of the Corrosion Process
The dependences of corrosion rate on hydrogen overpressure (Fig.   4 ) and temperature ( Fig. 2) can be combined to obtain an expression that describes the simultaneous effects of both variables. The simultaneous variation of In P with T and f can be written in differential form:
d In P = P^fH dT + F^r-) df , [16] where the partial differential ( ^T \ is evaluated at constant fugacity (hydrogen overpressure) from Eq. [3] , and f gjf V is evaluated at constant temperature from Eq. [15] . Making these substitutions and integrating between the corrosion rate limits of 0.437 mm/yr and P, the temperature limits of 423 K and T. and the fugacity limits of 5 atm and f, finally gives
The lower limits for integration of Eq. [16] were selected to correspond to the mean corrosion rate at 423 K. Thus, Eq.
[3] yields a corrosion rate of 0,437 mm/yr at 423 K where the hydrogen fugacity is assumed to be 5 atm for a flowing-autoclave test at this temperature.
This hydrogen fugacity is equal to the total system pressure, which is slightly above the vapor pressure of water at 423 K (4.7 ate.). -14-
Application of Model to Waste Package Containers
In order to calculate the corrosive penetration of an emplaced waste package as a function of time from Eq. [24] , one must estimate the effective value of A/V i'or the container in the repository. As a simple approximation, one can assume that the hydrogen diffuses a limited distance into the host rock surrounding the container borehole and is effectively confined to this cylindrical region. Figure 6 shows the dependence of A/V on salt porosity and "confinement radius." i.e., the radius of the cylindrical region in the host rock within which the hydrogen is effectively contained. The waste package is assumed to consist of 12 spent fuel assemblies from a pressurized water reactor, i.e., the 12 PWR Consolidated Spent Fuel configuration (2). Figure 6 indicates, for example, that the A/V ratio is -10" 4 mnr 1 for an assumed host rock porosity of 10% and a confinement radius of 8 m.
On the basis of A/V ratios of 10" 4 to 10" 1 mm-1 , best-estimate penetration curves for carbon steels have been calculated from Eq. [24] for three waste package temperature-time profiles for periods up to 1000 The results are summarized in Figs. 7-9. The DHLW package (Fig. 7) , which has the lowest temperature profile, satisfies the suggested 25-mm corrosion limit after 1000 years (35) for all of the A/V ratios considered.
However, the lithostatic pressure in the repository is -148 atm at a depth of 600 m (4). and the hydrogen pressure exceeds this value after years. The indicated penetrations for these curves at longer time periods are consequently too low, as was mentioned previously.
The corrosion curves of Figs. 7-9 are based upon the mean corrosion rate versus temperature behavior defined by Eq. [3] and the best fit curve of Fig, 2 . If a safety factor is applied to these mean corrosion rates, the predicted penetrations after a given time period increase by the same factor. For example, if the factor-of-five "upper bound" rate curve of Fig. 2 is used in the analysis instead of the best-fit curve, the total corrosion penetrations plotted in Figs. 7-9 all increase by a factor of five. In that case, the corrosion penetration is greater than 25 mm under all conditions considered, except for the DHLW and ISF packages at an unrealisitically high A/V value of 10" 1 mm" 
Effect of Brine Supply on Corrosion Rate
The above calculations indicate that unacceptably high corrosion rates are expected for most waste package configurations and that these rates will not decrease to acceptable levels by the build up of corrosion product hydrogen or by the formation of protective corrosion product layers. However, sufficient brine must be supplied to the container/salt interface to support these corrosion rates. 123] was used to calculate corrosion rates as a function of temperature.
The corrosion rates calculated from Eq. [3] correspond to a constant hydrogen fugacity of approximately 5 atm, as noted above in the discussion of the integration limits used to obtain Eq. [17] . At 423 K (150°C), the A/V ratio implicit in Eq. [3] is of the order of 10 2 mm-l, since the sealed-capsule corrosion test data of Fig. 4 are included in the data base described by Eq. [3] (see Fig. 2 ).
By combining Eq. -20-
Brine Availability
The above discussion indicates that brine can migrate to the emplaced waste container by mechanisms other than thermally induced flow at a sufficient rate to support the calculated reaction-rate-limited corrosion rates. The question that remains is whether sufficient brine is available in the vicinity of an emplaced container to support either the calculated corrosion rates or the experimentally observed nonthermal brine migration rates over a 1000-year emplacement period. Models for thermally induced brine migration to the container indicate that the relatively small amount of brine available through this process would limit the amount of corrosion penetration. However, if the experimentally observed rates of nonthermal brine migration into test boreholes persist over long time periods, they would be sufficient to quantity of brine appears to be available in the region surrounding the emplaced containers to allow unacceptably high rates of corrosion over a 1000-year period. We concluded that the corrosion resistance of a carbon steel container is probably not sufficient to achieve the desired 1000-year life in a salt repository. Hie use of a corrosion-resistant cladding over the carbon steel or the development of methods to immobilize the brine in the vicinity of the container would probably be required to meet the performance objectives of the waste package. 
